Abstract-A single layer broadband millimetre wave (mm-wave) array with circular polarisation is proposed for the fifth generation (5G) mm-wave communication applications. The antenna element is designed to integrate the matching circuit into a single layer. Hence no additional matching and feeding networks are required which makes the antenna element very easy to synthesise a massive array. The array has a 10 dB return loss bandwidth between 26 GHz and 32 GHz. The polar angle axial ratio is less than 3 within the beamwidth of -60° to 60°. The proposed antenna structure is simple, low cost and robust, which we envisage suitable for the massive multiple-input and multiple-output (MIMO) applications.
INTRODUCTION
Circularly polarised (CP) antennas are widely used in line-of-sight (LoS) communications, as it is not sensitive to the polarisation of the receiver and the LoS signal can be distinguished from other reflected signals with opposite polarisation [1] . A multilayer antenna has been proposed in [2] with two ports which have good isolations and the antenna can be configured to operate either with vertical or horizontal polarisation. Multilayer can indeed provide more freedom for the antenna design, and a wideband CP antenna with multilayer has been proposed in [3] . On the other hand, a single layer design is simple, low cost, easy to fabricate and more reliable in complex environment [4] , especially for conformal structures. A coplanar waveguide feed CP slot antenna has been proposed in [5] , and the main radiation is in both sides of the antenna. In this paper, we propose a novel design that combining all the above features, namely single layer, broadband, circular polarisation as well as single side radiation pattern.
The design philosophy and the proposed structure are explained in Section II, the simulated results are given in Section III, and discussion and conclusions are detailed in Section IV.
II. PROPOSED DESIGN

A. Design Philosophy
It is well known that there are mainly two types of CP antennas [6] : the resonator antenna and the travelling-wave antenna. A typical resonant antenna is the patch antenna, to realise a circular polarisation, the patch normally supports two orthogonal fields/modes of equal amplitude but inphase quadrature (i.e. 90 degrees difference) [6] . If one port is not enough to excite the orthogonal modes, then two ports with a power divider and a phase shifter are required. For the travelling-wave antenna, the waves propagate along the transmission line and radiate simultaneously, providing a broad bandwidth (e.g. helical antenna [7] ).
To realise a single layer, broadband and CP antenna, the travelling-wave type is preferred. As the resonant type antennas are relatively narrow band and sensitive to the geometric parameters and material properties, which means the manufacturing process needs to be controlled very carefully. The advantage of the resonant type antenna is that the electrical size can be very small (because of the Chu-Harrington limit [8] ).
As can be seen in Fig. 1 , an intuitive method to generate CP radiation is to have electrical current and/or magnetic current flow circularly and radiate simultaneously. Figure 1 (b) is preferred as it has a cavity for each antenna element and could provide better isolations. Thus the problem to address is how to design a structure in the cavity in Fig. 1 (b) to guide the current flows circularly and match the impedance within the desired working frequency range.
(a) (b) Fig. 1 The source of circular polarisation waves, (a) electrical current, (b) magnetic current.
B. Proposed Structure
The proposed antenna element of this paper is shown in Fig. 2 . The parameters of the antenna structure have been tuned and optimized. The substrate we use is Rogers RO4350B, the relative permittivity is 3.48 and the thickness is chosen as 1.52 mm. To show the inner structure clearly, the substrate is hidden in Fig. 2 (b) and an enlarged bird-eye view picture is illustrated in Fig. 2(c) . The dimensions of the bottom layer and the top layer structures are given in Fig. 2(e) -(f) . The antenna can be considered as a curved planar inverted-F antenna with a parasitic element and a matching circuit. By using the welldeveloped printed circuit board (PCB) technology, a cavity with shunted vias can be created, and the antenna is fed by a 50 Ohm K-type connector with a diameter of 1.27 mm of the inner conductor and 2.92 mm of the outer conductor.
By driving the current flow circularly and matching the impedance, a broadband CP antenna is realised. The antenna and the impedance matching circuit are integrated which simplifies the feeding network for an antenna array.
III. ANTENNA PERFORMANCE
The simulated results are detailed in this section which include S-parameters, current distributions, radiation patterns and axial ratios.
A. S-parameters
The simulated S-parameter of a single antenna element is given in Fig. 3(a) , and a 4 × 4 elements array in Fig. 3(b) is also simulated and the mutual coupling S-parameters are shown in Fig. 3(c) . As can be seen, the S11 is smaller than -10 dB in the working frequency of 26 GHz -32 GHz, but the mutual coupling between the ports is higher than the values in [2] (typically < -30 dB). However, the distance between the antenna elements is very compact, which is 4.9 mm (λ/2 at 30 GHz). To reduce the mutual coupling, the distance between the elements can be increased, the mutual coupling can be reduced to < -20 dB when the distance between elements is 9.8 mm, as shown in Fig. 3(d) . The tradeoff is the scanning range of the antenna array. Another method is to use a few elements to form a subarray which is also a very practical solution.
B. Field Distributions
The mechanism of the circular polarisation can be verified from the current distribution and the electrical field distribution. The surface current density is shown in Fig. 4(a) -(d) with different phases; the corresponding Efield distributions are illustrated in Fig. 4(e) -(g) , where the circularly polarised wave can be observed intuitively. As expected, the current is driven to flow circularly and radiate simultaneously.
C. Radiation Patterns
The patterns of the realised gain (including the mismatch of the antenna) are given in Fig. 5(a) -(f) , the maximum gain is about 5.3 dB and the 3 dB beamwidth is about 90°. The radiation patterns in the working frequency are very symmetric about z-axis. The synthesised pattern with all elements excited simutaneously has also been (a) (b) (c)
(f) Fig. 2 The proposed radiation element, (a) exploded view of the antenna with dielectric substrate, (b) exploded view of the antenna with substrate hidden, (c) bird-eye 3D structure view of the antenna with substrate hidden, (d) bottom layer view, (e) and (f) top layer view, two figures are used to show the dimensions due to the limited space. Units: mm. simulated and given in Fig. 5(g ), which has a realised gain larger than 15.5 dB in the working frquency band.
D. Axial Ratios
The dependency of axial ratios (ARs) with frequencies and angles are shown in Fig. 6(a) -(c) . As can be seen, the AR is wide band in frequencies and wide beam in angles, the ARs are less than 3 in the polar angle of -60° ~ +60° in the frequency range of 27 GHz ~ 31 GHz. The 4 × 4 array has also been verified, the AR is given in Fig. 6(d) . It is interesting to note that there is a slightly difference between Fig. 6(a) and Fig. 6(d) , this is due to the difference between the embedded pattern and the pattern in free space of a single element. For the antenna in this paper, this effect is very small as each antenna is in a cavity and isolated with vias.
IV. DISCUSSION AND CONCLUSIONS
A broadband circular polarisation mm-wave antenna element has been proposed, which is suitable for the massive MIMO applications. The antenna and the matching circuit are integrated in a cavity which can be formed by using vias and the ground plane. The working frequency is 26 GHz to 32 GHz, with a good AR bandwidth in frequency and beamwidth in angle. The performance of a 4 × 4 array has also been simulated, which shows good results as well.
The mutual coupling of the antenna elements is not very low when the period of the array is about λ/2. However, the effect of mutual coupling could be reduced by using spatial diversity and subarray technology. Because the antenna structure is simple and can be made by using only one layer PCB technology, the low cost advantage could offer a good solution for antenna designs in massive MIMO applications.
A prototype is manufactured and given in Fig. 7(a) , a base station antenna can be realised by using multiple subarrays shown in Fig. 7(b) . In Fig. 7(a) , a right-hand circular polarised (RHCP) array is mirrored to form a lefthand circular polarised array (LHCP), one subarray can be used to transmit the RHCP waves and another array can be used to receive the LHCP waves, or vice versa. This structure could have a very good spatial diversity with better isolation which will be evaluated experimentally in the future work.
